Homework in introductory physics represents an important part of a student's learning experience; therefore choosing the manner in which homework is presented merits investigation. We performed three rounds of clinical trials comparing the effects of mastery-style homework vs traditional-style homework with students in both algebrabased and calculus-based introductory mechanics. Results indicate a benefit from mastery-style over traditional-style homework, principally for weaker students who are less familiar with the material being covered and on questions that are nearer transfer to the study materials.
Introduction
Homework represents a significant part of a student's learning resources in many introductory physics classes, so optimizing the pedagogy of online homework delivery is an important goal of education research. While there are many options for homework delivery, the one that we are investigating is the mastery method of learning, pioneered by Benjamin Bloom in the 1960s [1] .
The mastery method is a cycle of formative assessment followed by additional learning opportunities. When a student completes a series of homework problems, correctness feedback is given on the set of problems as a whole. If the student reaches a certain correctness threshold (often 100%), the student is considered to have mastered the material and is permitted to move on to the next section or topic. If the student does not master the material, they are given additional learning opportunities to help them improve their understanding. These additional learning opportunities are followed by a similar set of homework problems on the same material. This cycle continues until the student has achieved mastery.
Mastery-inspired homework has been tried in several different course settings. One such setting was in an introductory electricity and magnetism course for physics and engineering majors at the University of Illinois. Gladding, et al [2] compared computer-based masterystyle homework with a more traditional computer-based homework format currently used in the introductory physics classes at the University of Illinois. This traditional format involves immediate correctness feedback and an unlimited number of attempts. In the Gladding, et al study, students who completed homework presented in the mastery style significantly outperformed students who completed the same homework presented in the more traditional style on a post-test covering the topics that the students studied in the homework.
Motivated by the positive effects of mastery-style homework observed in the study by Gladding, et al, the primary goal of this study was to investigate whether this pedagogy would have a similar effect on students in an algebra-based introductory physics class, which primarily serves life science majors. The question of how best to teach physics to life science students has been a topic of conversation for decades, and has resulted in various types of reformed Introductory Physics for Life Science (IPLS) courses at different institutions (see References [3] [4] [5] [6] [7] for some representative reforms). While most studies of reformed IPLS courses have focused on the content being taught in the course, this study focused on the pedagogy by which that content is delivered.
Overview of Clinical Trials
The goal of this experiment was to evaluate the effectiveness of computer-based masteryinspired homework for learning in introductory mechanics in a controlled clinical setting. Three clinical trials were run in this experiment. A summary of the students participating in each trial is given in Table 1 . In each trial, participating students were randomly divided into two groups. One group received a series of homework problems in the traditional format described above. The other group received the same series of homework problems in the mastery format. Students in this experiment were enrolled either in the algebra-based College Physics: Mechanics and Heat or in the calculus-based University Physics: Mechanics courses at the University of Illinois at Urbana-Champaign. The algebra-based course is required for many of the life science majors on campus, and most of the students in this course are juniors and seniors. The calculus-based course is the first in a sequence of introductory physics courses required for physics and engineering majors at the university. It is generally taken during the freshman year of a student's college career.
No course credit was offered to students for participating in these experimental trials. Rather, these trials were advertised as a means of helping students prepare for an upcoming exam. Participating students were told that they would receive extra office hour help from experienced TAs after the experiment.
In the mastery-style homework condition, students were presented with sets of four or five questions on a given topic. Once all the questions in a set were completed, the student submitted these questions to be graded, and correctness feedback was given. At this point, these students had access to narrated, animated solution videos to the problems they had just completed. These solution videos constituted the additional learning opportunities outlined in the description of the mastery method of learning. These videos were designed to walk students through the concepts used in the problems. The goal of these videos was to help the students complete subsequent problem sets on the same topic. If a student completed all of the questions in the problem set correctly, they were said to have mastered the topic of that problem set and were permitted to move on to the next topic. If a student did not complete all the questions in the problem set correctly, they were then presented with an equivalent problem set on the same topic. The problems in these subsequent sets were designed to be similar, but not identical, to the original problems. This cycle continued until the student completed all the questions in a problem set correctly. Because students in the mastery-style homework condition had to complete an entirely new set if any question was answered incorrectly, mastery-style questions were given in a multiple-choice format to help students catch minor errors and minimize the resulting student frustration.
In the traditional-style homework condition, students had access to all the topics simultaneously, so questions could be completed in any order. Students received correctness feedback on their answers after each submission. An unlimited number of submissions were allowed for each question. The problem sets viewed by the students in the traditional-style homework condition were the initial problem sets on each topic viewed by the students in the mastery-style homework condition. Since students in this group had immediate correctness feedback and an unlimited number of tries, the traditional-style homework problems were presented as free-response questions rather than multiple-choice. To balance the additional help that the students in the mastery-style homework condition received from the solution videos, students doing homework problems in the traditional style were encouraged to use course notes and to work with each other in completing their problem sets. These resources are similar to those a student might use when doing their regular homework in the course.
After students in both groups completed the homework problems, they were given a paper-based free-response post-test on the same topics covered in the homework problems. Each of the twelve questions on the post-test was graded out of three points by two different graders. In cases where the scores given by the two graders differed by more than 1 point, the student's response was re-visited and discussed by both graders until a consensus could be reached. The average of the scores given by the two graders was used in the subsequent analysis.
First Clinical Trial
The first trial involved students from algebra-based physics and was run shortly before the students' first midterm exam (see Table 1 ). Figure 1 shows the scores from each group on each of the twelve questions on the post-test. Figure 1 : Normalized average scores on each of the twelve questions on the post-test used in the first clinical trial. Average scores with standard errors for students in the masteryhomework condition are plotted on the vertical axis, and average scores with standard errors for students in the traditional-homework condition are plotted on the horizontal axis. Points appearing above the diagonal line indicate questions on which the students in the masteryhomework condition outperformed students in the traditional-homework condition. Inset: Normalized total average scores on the post-test with standard errors are shown for the two homework conditions. Dots on the inset graph represent individual students' total scores. Compare Figure 4 from Reference [2] .
On average, students in the mastery homework condition outperformed students in the traditional homework condition on 9 of the 12 questions on the post-test, significantly so on 3 of them (p < 0.05, one-tail t-test). There were no questions on the post-test on which the students in the traditional homework condition significantly outperformed the students in the mastery homework condition. The post-test questions on which the students in the mastery-homework condition most significantly outperformed the students in the traditionalhomework condition appeared to be those that were most similar to the homework questions.
To test the hypothesis that a problem's nearness of transfer was correlated with the two groups' difference in performance on that problem, we presented the post-test and the homework from the clinical study to eight physics education experts at the University of Illinois. These experts rated the post-test questions on a scale of 0 to 5 by how near or far transfer the questions were from the homework problems. Their responses were averaged, and the questions were split into two equal-sized groups representing those problems with nearer or farther degrees of transfer. The results are shown in Figure 2. (a) Performance of students on those post-test questions which were judged to be nearer-transfer to the homework problems. The difference between the mastery and traditional homework groups was judged to be significant with p < 0.05.
(b) Performance of students on those post-test questions which were judged to be farther-transfer to the homework problems. The difference between the mastery and traditional homework groups was not significant. Figure 2a shows that the students in the mastery-homework condition significantly outperformed the students in the traditional-homework condition on the nearer-transfer questions from the post-test. This difference in performance was significant on 3 of the 6 questions (p < 0.05, one-tail t-test), and marginally significant on another one (p < 0.1, one-tail ttest). The difference in performance between students in the two homework conditions was not judged to be significant on any of the six farther-transfer questions (see Figure 2b ).
In addition, we analyzed the effects of mastery-style homework on the stronger and weaker students in each group separately. Figure 3 shows the performance of students in the top and bottom half of each homework condition group, as measured by their final semester course scores. As can be seen in Figure 3a , the difference in post-test performance between the mastery-homework group and the traditional-homework group is highly significant for the weaker students. Weaker students in the mastery-homework condition significantly outperformed the weaker students in the traditional-homework condition on the post-test (p < 0.05). For comparison, Figure 3b shows that the stronger students in each homework condition performed almost identically on the post-test.
Second and Third Clinical Trials
The second trial involved students from calculus-based physics and was run shortly before the first midterm exam (see Table 1 ). We used the same materials that were used in the first trial with the students in algebra-based mechanics, which allowed us to directly compare the performance of the students in the two classes. Students in the calculus-based class demonstrated higher proficiency with problems involving friction, in that their average scores on the post-test were higher (74% ± 3%) than the students in the algebra-based course (50% ± 4%).
In this trial, no difference was seen when comparing students in the mastery-homework condition with the students in the traditional-homework condition. Student performance on the post-test in the second trial is shown in Figure 4a .
The third trial involved students from algebra-based physics and covered the subject of Newton's laws of motion (see Table 1 ). This trial was run shortly before the final exam, by which point the students had been using Newton's laws for most of the semester. No difference was seen when comparing students in the mastery-homework condition with the students in the traditional-homework condition in this trial. Student performance on the post-test in the third trial is shown in Figure 4b. (a) Performance of students in the second clinical trial. This trial involved students in calculus-based physics and covered the topic of friction, using the same materials as the first clinical trial. This trial was run before the first midterm in the course. The difference in total scores is not significant.
(b) Performance of students in the third clinical trial. This trial involved students in algebrabased physics and covered the topic of Newton's Laws. The clinical trial was run before the course's comprehensive final exam. The difference in total scores is not significant. Figure 4 : Performance of students in the second and third clinical trials. Average scores with standard errors for students in the mastery-homework condition are plotted on the vertical axis, and average scores with standard errors for students in the traditional-homework condition are plotted on the horizontal axis. Average total scores for the students in each homework condition are shown in the inset. Dots on the inset graphs show individual student post-test totals.
Discussion
The results of the first clinical trial show that the mastery-style homework approach can have a positive impact on students in algebra-based physics. Although our statistics were limited, significant differences between the treatment and control groups were seen on near-transfer problems and for students least proficient with the material.
The results of the second clinical trial, in which engineering and physics majors were given the same treatment and control conditions used with the life science majors in the first trial, showed no difference between the two homework conditions. The results of the third clinical trial, which was given at the end of the semester and which focused on Newton's laws of motion, also showed no difference between the treatment and control groups. Both of these results are consistent with the hypothesis that students already proficient with the material benefit less from mastery-style homework than students that are initially less proficient with the material. The uncertainties, however, are too large to make a significant claim.
While further work is needed to verify the effects of mastery-style homework on learning in introductory physics, our results show that mastery-style homework appears to benefit some students in introductory mechanics over traditional-style homework. This effect is most significant with students who are weaker or less familiar with the material, or when the degree of transfer between the learning materials and the testing materials is small. While there is likely no "silver bullet" to help students overcome all the difficulties in learning physics, these results indicate that appropriately used mastery-style homework activities can help students better master the skills needed in algebra-based introductory mechanics.
